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ABSTRACT
We analyze a supergravity theory coupled to a dilaton and superconformal
matters in two dimensions. This theory is classically soluble and we find all the
solutions appeared in Callan, Giddings, Harvey and Strominger’s dilatonic gravity
also satisfy the constraints and the equations of motion in this supersymmetric
theory. We quantize this theory by following the procedure of Distler, Hlousek and
Kawai. In the quantum action, the cosmological term is renormalized to vanish.
As a result, any solution corresponding to classical black hole does not appear in
the quantum theory, which should be compared with the non-supersymmetric case.
1
1. Introduction
The dilaton gravity theory proposed by Callan, Giddings, Harvey and Stro-
minger
[1]
(CGHS) is very instructive for the understanding of black hole physics.
Especially, the problems associated with Hawking radiation
[2]
have been discussed
by using this toy model.
3−17
In the original paper by CGHS, the quantum effects,
such as the Hawking radiation and its back reaction of the metric, were expected
to be described by adding correction term, which only comes from the conformal
anomaly,
18
to the classical action. Several authors,
7−9
however, have claimed that
the procedure of David
[19]
and of Distler and Kawai
[20]
is necessary when we quan-
tize this theory consistently. By using this procedure, it has been found
[12,13]
that
the quantum theory has no lower bound in energy and it has been conjectured
that this problem will be resolved by supersymmetrizing the theory. In this paper,
we propose a supergravity theory coupled to a dilaton in two dimensions. This
theory is also classically soluble and we find all the solutions found in Callan, Gid-
dings, Harvey and Strominger’s dilatonic gravity also satisfy the constraints and
the equations of motion in this supersymmetric theory. We quantize this theory
by following the procedure of Distler, Hlousek and Kawai.
21
In the quantum action,
the cosmological term is renormalized to vanish. As a result, any solution cor-
responding to classical black hole does not appear in the quantum theory. This
might tell that supersymmetry would forbid the existence of black hole in quan-
tum theory even in higher dimensions. In the next section, we propose the classical
action of dilatonic supergravity by using the tensor calculus by Higashijima, Ue-
matsu, Yu,
22,23
which is based on conformal supergravity.
23−25
We show that all
the solutions, including black hole solutions, in CGHS theory are also solution of
this supersymmetric theory. Here it is interesting to observe that the cosmolog-
ical constant is always positive semi-definite as in CGHS model. This situation
is analogous to that of four dimensional supergravity, which can be constructed
only in the anti-de Sitter space. In Section 3, we quantize this action following the
procedure of Distler, Hlousek and Kawai. The cosmological term cannot appear if
we require that the quantum action has superconformal symmetry. This tells that,
2
in quantum theory, there is not any solution corresponding to black hole solutions
in the classical theory. By bosonizing the fermion fields, we find that the equations
of motion which are obtained from the effective action of the quantum theory are
Liouville equations. The last section is devoted to summary and discussion.
2. Classical Black Hole
We start from the following action. This action will describe the effective action
of superstring in two dimensional black hole background.
26
We use the notations and
the tensor calculus in the papers by Higashijima, Uematsu, Yu.
22,23 ⋆
S =
1
2π
∫
d2x
(
−2[Φ˜2 ⊗W ]inv. − 4[Φ˜⊗ T (Φ˜)]inv. + 4λ[Φ˜2]inv.
+
N∑
i
1
2
[Σ˜i ⊗ T (Σ˜i)]inv.
)
=
1
2π
∫
d2x e
{
−Rϕ2 + 2S(ϕf ′ + ζ¯ζ)− 4ϕζ¯σµνψµν
+ 4gµν∂µϕ∂νϕ+ 4ζ¯γ
µ∂µζ − 4f ′2 − 4ψ¯νγµγνζ∂µA− 1
2
ζ¯ζψ¯νγ
µγνψµ
+ 4λ
(
2ϕf ′ − ζ¯ζ + ϕψ¯µγµζ + 1
2
ϕ2ψ¯µσ
µνψν + Sϕ
2
)
+
N∑
i
(
−1
2
gµν∂µai∂νai − 1
2
ξ¯iγ
µ∂µξi +
1
2
G′
2
i
+
1
2
ψ¯νγ
µγνξi∂µai − 1
16
ξ¯iξiψ¯νγ
µγνψµ
)}
(2.1)
Here Σi’s are matter scalar multiplets Σi = (ai, ξi, G
′
i), i = 1, · · · , N . A scalar
multiplet Φ˜ = (ϕ, ζ, f ′) is given in terms of a dilaton multiplet Φ = (φ, χ, F ′) by
Φ˜ ≡ e−Φ = (e−φ,−e−φχ,−e−φ(F + 1
2
χ¯χ)) . (2.2)
⋆ The definition of the scalar curvature R in Refs.22 and 23 is different from that in Ref.1 by
sign; R = −RCGHS.
3
W is a curvature multiplet,
W = (S, η,−S2 + 1
2
R− 1
2
ψ¯µγνψµν +
1
4
Sψ¯µψµ) . (2.3)
Here η and ψµν are defined by,
η ≡− 1
2
Sγµψµ +
1
2
e−1ǫµνγ5ψµν ,
ψµν ≡Dµψν −Dνψµ .
(2.4)
T (Σ) is a kinetic multiplet which is defined for a scalar multiplet Σ = (a, ξ, G′)
and [Σ]inv. expresses the invariant Lagrangian density which is given by
[Σ]inv. ≡ e[G′ + 1
2
ψ¯µγ
µξ +
1
2
aψ¯µσ
µνψν + Sa] . (2.5)
The action (2.1) is, by construction, invariant under the following local supersym-
metry transformation,
δeaµ =ǫ¯γ
aψµ
δψµ =2(∂µ +
1
2
ωµγ5 +
1
2
γµS)ǫ
δS =− 1
2
Sǫ¯γµψµ +
1
2
ie−1ǫµν ǫ¯γ5ψµν
δφ =ǫ¯χ
δχ =
{
F ′ + γµ(∂µφ− 1
2
ψ¯µχ)
}
ǫ
δF ′ =ǫ¯γµ
{(
∂µ +
1
2
ωµγ5
)
χ
− 1
2
γν
(
∂νA− 1
2
ψ¯νχ
)
ψµ − 1
2
F ′ψµ
}
δai =ǫ¯ξi
δξi =
{
G′i + γ
µ(∂µai − 1
2
ψ¯µξi)
}
ǫ
δG′i =ǫ¯γ
µ
{(
∂µ +
1
2
ωµγ5
)
ξi
− 1
2
γν
(
∂νφ− 1
2
ψ¯νξi
)
ψµ − 1
2
G′iψµ
}
.
(2.6)
Here ǫ is an anti-commuting spinor parameter of local supersymmetry transforma-
4
tion and ωµ is the spin connection and given by
ωµ = −ie−1eaµǫλν∂λeaν −
1
2
ψ¯µγ5γ
λψλ . (2.7)
We now show that all the classical solutions found in Ref.1 satisfy the con-
straints and the equations of motion which are derived from the action (2.1). In
order to do this, we set all the fermionic fields to vanish, which are solutions of all
the constraints and the equations of motion which are given by the variation of the
fermionic fields ψµ, χ (or ζ) and ξi. Then by integrating the the auxiliary fields S,
F ′ (or f ′) and G′i, we obtain the following classical action which has appeared in
the paper by Callan, Giddings, Harvey and Strominger,
1
S =
1
2π
∫
d2x
√−g
[
e−2φ
(
−R + 4(∇φ)2 + 4λ2
)
− 1
2
N∑
i
gµν∂µai∂νai
]
. (2.8)
This tells that all the classical solutions found in Ref.1, including the solutions
describing the formation of a black hole by collapsing matter, are also solutions of
this supersymmetric theory.
We note that we cannot construct a supersymmetric model of the dilaton
gravity when the cosmological constant λ2 is negative.
3. Quantum Effects
In the original paper by CGHS, the quantum effects were expected to be
described by adding correction term, which only comes from the conformal
anomaly,
18
to the classical action. In the supersymmetric model proposed here,
this corresponds to add the following term,
27 ⋆
Sanomaly =
κ
2π
∫
d2x
[
−1
2
∂µρ∂
µρ− 1
2
ψ¯γµ∂µψ +
1
2
eS2
]
, (3.1)
⋆ The local supersymmetric form of this action is given in Ref.28.
5
when we choose the following superconformal gauge fixing condition,
g∓± = −1
2
e2ρ , g±± = 0 , ψµ = γµψ . (3.2)
Here κ = 8−N4 is a constant, which should be determined by the conformal anomaly.
We need more counterterms since the quantum action should have superconformal
symmetry when we choose the superconformal gauge (3.2).
21
By following de Alwis’
paper,
12
we assume the kinetic term is given by
Skin =
1
2π
∫
d2x d2θ
[
−4e−2Φˆ(1 + h(Φˆ))D¯ρˆDΦˆ
+ 2e−2Φˆ(1 + h¯(Φˆ))(D¯ΦˆDρˆ+ D¯ρˆDΦˆ) + κD¯ρˆDρˆ
]
.
(3.3)
Here we have used superfield notations and Φˆ and ρˆ are superfields defined by
Φˆ ≡φ+ θ¯χ + 1
2
θ¯θF ′ ,
ρˆ ≡ρ+ θ¯ψ + 1
2
θ¯θS .
(3.4)
θ and θ¯ are anti-commuting coordinates and D and D¯ are covariant derivatives. If
we define new fields Xˆ and Yˆ by
Xˆ =2
√
2
|κ|
Φˆ∫
dte−2t
√
(1 + h¯(t))2 + κe2t(1 + h(t)) ,
Yˆ =
√
2|κ|
(
ρˆ− 1
κ
+
2
κ
Φˆ∫
dte−2th¯(t)
)
.
(3.5)
the kinetic term is rewritten by
Skin =
1
2π
∫
d2x d2θ[∓D¯XˆDXˆ ± D¯Yˆ DYˆ ] (3.6)
Here upper/lower signs correspond to κ > 0 / κ < 0, respectively. From now on,
we will consider the case with lower signs in Eq.(3.6) since another case can be
treated in a similar way.
6
If we assume that there is any interaction term with respect to Xˆ and Yˆ , the
energy momentum tensor T has the following form,
T =TX + TY + TΣ + Tghost ,
TX =− 1
2
(∂X∂X − χX∂χX ) ,
TY =
1
2
(∂Y ∂Y − χY ∂χY ) +
√
|κ|
2
∂2Y
(3.7)
Here we have written Xˆ and Yˆ fields in the components Xˆ = X + θ¯χX +
1
2 θ¯θFX
and Yˆ = Y + θ¯χY +
1
2 θ¯θFY . TΣ and Tghost are energy momentum tensors of matter
fields and ghost fields and they contribute to the central charge by 32N and −15,
respectively. The contribution to the central charge by TX is
3
2 and that by TY is
given by
cY =
3
2
(1 + 4κ) =
3
2
(−N + 9) . (3.8)
Therefore the total central charge c vanishes : c = 32N − 15 + 32 + cY = 0. We
now introduce interaction term V so that the term does not violate the super-
conformal symmetry. This requires that V should be given by a vertex operator
V =: eαXˆ+βYˆ : whose conformal dimension is (12 ,
1
2), i.e.,
1
2
α2 − 1
2
β(β +
√
2|κ|) = 1
2
. (3.9)
If we impose the condition that T is proportional to eρ−φ in the weak coupling
limit, we find α = β, i.e.,
α = β =
√
1
2|κ| =
√
2
|N − 8| . (3.10)
7
Therefore we find the quantum theory is described by the following effective action:
Sq =
1
2π
∫
d2x d2θ
[
D¯XˆDXˆ − D¯Yˆ DYˆ + 2λ˜e
√
2
|N−8|
(Xˆ+Yˆ )
+
N∑
i=1
D¯ΣˆDΣˆ
]
=
1
2π
∫
d2x
[
−
(
∂µX∂
µX − iχ¯Xγµ∂µχX − F 2X
)
+
(
∂µY ∂
µY − iχ¯Y γµ∂µχY − F 2Y
)
+ λ˜
√
2
|N − 8|e
√
2
|N−8|
(X+Y )
{
FX + FY
− 1
2
√
2
|N − 8|(χ¯X + χ¯Y )(χX + χY )
}
+
N∑
i
1
2
{
−∂µai∂µai + iξiγµ∂µξi +G2i
}]
(3.11)
Here Σˆi’s are matter superfields: Σˆi = ai + θ¯ξi +
1
2 θ¯θGi. By integrating auxiliary
fields FX , FY and Gi, we obtain,
S′q =
1
2π
∫
d2x
[
−
(
∂µX∂
µX − iχ¯Xγµ∂µχX
)
+
(
∂µY ∂
µY − iχ¯Y γµ∂µχY
)
− λ˜|N − 8|e
√
2
|N−8|
(X+Y )
√
2
|N − 8|(χ¯X + χ¯Y )(χX + χY )
+
N∑
i
{−∂µai∂µai + iξiγµ∂µξi}
]
(3.12)
Note that terms like e
2
√
2
|N−8|
(X+Y )
do not appear. When we consider more general
interaction term V =: eαXˆ+βYˆ :, which satisfy Equation (3.9) and α 6= β, the term
like V =: e2(αXˆ+βYˆ ) : does not appear as long as V is exactly marginal, i.e.,
V (x)V (y) ∼ O((x− y)δ), δ > 0, which tel ls V (x)2 = 0.
8
The equations of motion for X and Y are given by
0 =∂µ∂
µX − λ˜
2
( 2
|N − 8|
) 3
2
e
√
2
|N−8|
(X+Y )
(χ¯X + χ¯Y )(χX + χY )
0 =− ∂µ∂µY − λ˜
2
( 2
|N − 8|
) 3
2
e
√
2
|N−8|
(X+Y )
(χ¯X + χ¯Y )(χX + χY )
(3.13)
If we consider solutions where all the fermion fields vanish, X and Y are given
by the sums of holomorphic and anti-holomorphic functions. This tells that there
is not any solution corresponding to black hole solution in the classical theory.
Supersymmetry forbids the existence of black hole in the quantum theory.
If we bosonize the fermion fields χX and χY :
⋆
χX ± χY ∼ ± : e±ϑ:, we obtain
the following equations of motion,
0 =∂µ∂
µX − λ˜
2
( 2
|N − 8|
) 3
2
e
√
2
|N−8|
(X+Y )+ϑ
0 =− ∂µ∂µY − λ˜
2
( 2
|N − 8|
) 3
2
e
√
2
|N−8|
(X+Y )+ϑ
0 =∂µ∂
µϑ− λ˜
2
( 2
|N − 8|
) 3
2
e
√
2
|N−8|
(X+Y )+ϑ
(3.14)
We can setX = Y by using the residual symmetry of the reparametrization symme-
try or by a coordinate choice. Then we find that ϑ satisfies the Liouville equation,
0 = ∂µ∂
µϑ− λ˜
2
( 2
|N − 8|
) 3
2
eϑ . (3.15)
The equations (3.14) tell that X and Y are given in terms of ϑ,
X = −Y = ϑ+ f+(x+) + f−(x−) . (3.16)
⋆ Since the fermion fields χX and χY have opposite signatures, these fermion fields can be
bosonized by a negative norm boson.
29
9
Here f± are arbitrary functions. Note that there are static solutions:
f± = 0 , e−ϑ = −16
A
Cn2(x+x−)n−1
{1− C(x+x−)n}2 . (3.17)
Here A = λ˜
(
2
|N−8|
) 3
2
, C is an arbitrary constant and n is an integer.
4. Summary and Discussion
We have analyzed a supergravity theory coupled to a dilaton and supercon-
formal matters in two dimensions. This theory is classically soluble and we have
found all the solutions appeared in Callan, Giddings, Harvey and Strominger’s
dilatonic gravity also satisfy the constraints and the equations of motion in this
supersymmetric theory. When we quantize this theory following the procedure of
Distler, Hlousek and Kawai, the cosmological term is renormalized to vanish in
the quantum action. As a result, any solution corresponding to classical black
hole does not appear in the quantum theory, which should be compared with the
non-supersymmetric case.
It should be amazing that supersymmetry forbids the existence of quantum
black hole although classical black hole is allowed to exist. One of the motivations
of the present work was to build a theory of dilaton gravity where the Bondi mass
of black hole is bounded from below and the theory has a ground state. The above
motivation becomes, however, irrelevant since there is no quantum black hole in
our model.
However, from the alternative viewpoint, our model gives us an interesting
conjecture. Let us assume that the quantum black hole disappears even in four
dimensions although it is difficult to take account of quantum effects owing to the
non-renormalizability of gravity. In four dimensions, the Schwarzschild radius of
black holes and the Compton wave length of elementary particles become com-
parable at the Planck length scale. This might suggest that we should include
10
the black hole–like states in the Hilbert space. From the observation done in the
present article, however, we might conjecture that, if supersymmetry is realized at
the Planck scale, such black hole–like states need not to be included as quantum
states in quantum gravity where only quantum states expressing smooth space-time
structure are admitted.
We wish to thank K. Higashijima, M. Kato, K. Odaka and A. Sugamoto for
valuable discussion. The work of I.O. is supported by the Japan Society for the
Promotion
of Science.
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